Co-amorphous systems are an attractive alternative for amorphous solid polymer dispersions in the formulation of poorly soluble drugs. Several studies have revealed that co-amorphous formulations can enhance the dissolution properties of poorly-soluble drugs and stabilize them in the amorphous form. However, the interplay between the drug dissolution rate, drug supersaturation and different co-formers on membrane permeability of the drug for co-amorphous formulations remains unexplored.
Introduction
Since an estimated 40% of approved drugs and nearly 90% of the developmental pipeline drugs are poorly soluble molecules [1] , there is a clear need for formulation strategies that ensure efficient drug dissolution, subsequent absorption and good distribution to the target in the body. Co-amorphous systems are an attractive alternative for amorphous solid polymer dispersions in the formulation of poorly soluble drugs. Co-amorphous systems can be classified into a solid-dispersion subtype of glass solutions along with polymer-based or mesoporous silica-based systems. These are a combination of two or more low molecular weight components that form a homogeneous amorphous single-phase system [2] . Co-amorphous combinations of either an active molecule and an excipient (e.g. an amino acid) or two active drug compounds have been shown to represent interesting candidates for combination therapy (drug-drug) or more general formulation options (drug-excipient). These approaches been found to enhance the dissolution properties of poorly-soluble drugs compared to their crystalline counterparts or individual amorphous forms, and to stabilize them in an amorphous form [2] [3] [4] [5] . Often dissolution studies investigating co-amorphous systems have been conducted under sink conditions, but in order to investigate their supersaturation-abilities, non-sink dissolution testing is important. Supersaturation maintained over a sufficiently long time may offer a bioavailability advantage over crystalline drugs by increasing the driving force for absorption [6, 7] .
There is one example of a co-amorphous system showing a longlasting supersaturation ability in buffer and biorelevant media, i.e. combinations of glibenclamide (GBC) with two amino acids, serine (SER) and/or threonine (THR) [8] . GBC-SER and GBC-THR combinations at a 1:1 molar ratio and 1:1:1 GBC-SER-THR formed homogenous amorphous blends after cryomilling as shown by a single glass-transition (T g ) value obtained for the mixtures [9] . The formation of coamorphous GBC-SER provided a physical stability advantage over an amorphous GBC.
The permeability properties of a drug compound through artificial or cell membranes are generally determined by dissolving the drug into the testing medium at a predetermined concentration and then measuring the P app , i.e. the apparent permeability coefficient [10] [11] [12] . However, this experimental setup does not determine the interplay between drug (or formulation) dissolution properties and permeation. This would be particularly important for amorphous formulations, which may display a spring and parachute (supersaturation with varying level and durations) effect to different extents and then undergo subsequent recrystallization during dissolution, which may affect their flux across the membrane [13] [14] [15] . Thus, experimental setups, capable of measuring drug dissolution and permeation have been developed; in these, both different artificial membranes [16] [17] [18] [19] and cell layers [20] [21] [22] [23] [24] have been used as permeation barriers. However, as far as we are aware, simultaneous drug dissolution and permeation testing has not been examined before as a way of evaluating the interplay between the drug dissolution rate, drug supersaturation and different co-formers on membrane permeability of the drug for co-amorphous formulations.
In this study, we used side-by-side chambers, separated by a PAMPA (parallel artificial membrane permeability assay) membrane to simultaneously test dissolution properties of co-amorphous formulations in supersaturated conditions and the passive membrane permeability of the model drug GBC, which has poor solubility but high intestinal permeability [9] . Amorphous GBC, co-amorphous GBC-SER at a 1:1 molar ratio, GBC-L-arginine (ARG) at a 1:1 molar ratio and all these three combined with sodium lauryl sulphate (SLS) were processed by cryomilling and used as model formulations. ARG was combined with GBC as previously it has been observed to enhance GBC dissolution [25] . SLS was incorporated into the co-amorphous formulations, since it is known to act as an absorption enhancer in vivo by modulating the cellular tight junctions below its critical micelle concentration (CMC, i.e. approx. 8 mmol, [26] ) where the drug is in a molecularly dissolved state, i.e. not associated with micelles [27] [28] [29] . Physical characterization and stability studies were conducted with the co-amorphous combinations, except for GBC-SER which has been investigated in a previous study [9] .
Materials and methods

Preparation of amorphous materials
Physical mixtures (PMs) of glibenclamide (GBC, 494.0 g/mol, Hangzhou DayangChem Co., Ltd , Hangzhou City, China) and L-arginine (ARG, 174.2 g/mol, Sigma-Aldrich ApS, St. Louis, USA) or L-serine (SER, 105.1 g/mol, Hangzhou DayangChem Co., Ltd, Hangzhou City, China) at molar ratios of 1:1 were prepared (Table 1 in Supplementary material). Additionally, low (l) and high (h) amounts of sodium lauryl sulfate (SLS, 288.4 g/mol, Sigma-Aldrich ApS, Brøndby, Denmark), both producing concentrations below the CMC in a side-by-side dissolution chamber, were mixed together with pure GBC as well as with the GBC-ARG and GBC-SER mixtures (Table 1 in Supplementary material). The chemical structures of the starting materials are shown in Fig. 1 . In the co-amorphous blends, a total mass of 500 mg of each of the abovementioned mixtures (and also GBC alone) was prepared and transferred to 25 ml milling jars with two 15 mm stainless steel balls. Cryomilling (CM) was performed in an oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Haan, Germany) at 30 Hz for 60 min. The milling jars were cooled with liquid nitrogen for 2 min prior to and at 10 min intervals during the milling. After milling, the chambers were first allowed to reach the environmental temperature in a desiccator before opening, preventing moisture adsorption. The amorphous mixtures were stored at 4°C/0% relative humidity (RH) until analysis (i.e. over P 2 O 5 ).
X-Ray powder diffraction
X-ray powder diffraction (XRPD) measurements were performed with a Bruker D8 DISCOVER system (Bruker AXS GmbH, Karlsruhe, Germany) using Cu Kα radiation with λ = 1.5418 Å and a motorized slit. The samples were analyzed at 40 kV and 40 mA from 5 to 35°2θ using a scanning speed of 0.120 s/step and a step size of 0.013°. The scattered radiation was collected with a 1D LYNXEYE detector fully open. 
Differential scanning calorimetry
Fourier-transform infrared spectroscopy
The Fourier-transform infrared (FTIR) spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer (Thermo Electron Corp, Madison, WI, USA) equipped with an attenuated total reflectance (ATR) accessory (Smart Endurance, single-reflection ATR diamond composite crystal). Spectra were collected over the range 600-4000 cm −1 using a resolution of 4 cm −1 and taking an average of 64 scans per sample.
Stability studies
The amorphous samples were stored under the following conditions: 4°C/0% RH, ambient temperature (approximately 22°C)/60%RH, and 40°C/0% RH. RH of 60% was obtained with a saturated NaBr solution and RH 0% with solid P 2 O 5 . The samples were analyzed regularly with XRPD and FTIR, as described above, until the onset of recrystallization could be observed.
2.6. Simultaneous dissolution/permeation testing 2.6.1. Dissolution/permeation studies PAMPA membranes were prepared by moistening 0.1 µm Durapore PVDF (polyvinylidene fluoride)-membrane filters (Millipore Corporation, Bedford, MA USA) with 10 µl of a 10% (m/V) solution of L-α-phosphatidylcholine in dodecane (both from Sigma-Aldrich, St. Louis, USA) (according to [30] ). Immediately after membrane preparation, they were placed between a pair of jacketed 3 ml side-by-side diffusion cells with an effective permeation area of 0.64 cm 2 (PermeGear Inc., Hellertown, PA, USA). The diffusion cells were attached to a circulating water bath (M3, Lauda, Köningshofen, Germany) equipped with a thermostat (MS, Lauda, Köningshofen, Germany) with a temperature setting of 37°C. A powdered sample corresponding to 10 mg of GBC was transferred into the donor (dissolution testing) cell through the sampling port. Then, both the donor and acceptor (permeation testing) cells were filled simultaneously with 3 ml of USP phosphate buffer, pH 7.2. Both cells were stirred with the cylindrical magnetic stir-bars at a fixed speed of 500 rpm (H-3 stirrer, PermeGear Inc., Hellertown, PA, USA).
During dissolution testing, aliquots of 300 µl were withdrawn from the donor compartment at pre-determined time points (15, 30, 45, 60, 75, 90, 120, 150, 180, 210, 240, 270, 300, 330 and 360 min) and filtered immediately through a 30 mm polyethersulfone (PES) 0.22 µm diameter membrane filter (Guangzhou JET Bio-Filtration Co., Ltd, Guangzhou, China). Simultaneously, the acceptor cell was emptied completely, but its contents were not analyzed at this stage. The volumes removed from the donor and acceptor compartments were replaced with the buffer.
Analysis of drug permeation was conducted as described above, but without taking samples from the donor side in order not to disturb the dynamic dissolution/permeation process. Both the dissolution and permeability experiments were run in triplicate for the PMs and six parallel measurements were conducted for the amorphous samples.
High performance liquid chromatography (HPLC)
GBC concentrations were quantified using HPLC. The Gilson HPLC equipment consisted of a Gilson 321 pump, a Gilson UV-vis 151 detector (Both from Gilson Inc., Middleton, WI, USA), a Gilson 234 autoinjector (Gilson, Roissy-en-France, France), and a reversed phase column (Phenomenex Gemini NX 5u C18 110A, 250 × 4.60 mm, USA) with a precolumn. The mobile phase consisted of acetonitrile (ACN, VWR Chemicals, Fontenay-sous-Bois, France) (70%), H 2 O (Milli-Q® water purification system (Merck Millipore, Darmstadt, Germany) (30%) and trifluoroacetic acid (TFA, Alfa Aesar GmbH & Co., Germany) (0.1%) and the flow rate was adjusted to 1.2 ml/min. GBC was detected at a wavelength of 225 nm and its retention time was 4.0 min. The results were analyzed using Gilson Unipoint software (version 3.01, Gilson Inc., Middleton, WI, USA).
For analysis, the samples from dissolution studies of amorphous compounds were diluted 7:3 with ACN and if necessary, further by 1:2. Standard series were prepared in ACN/water 70:30 (V/V) over the range of 0.1-100 µg/ml.
Data evaluation and statistical analysis
Area under curve (AUC) values for dissolution and permeation were calculated from the total amount of dissolved and permeated drug against time curves (between 0 and 360 min) using Origin Pro 2015 (64-bit) Sr2 by linear trapezoidal integration (OriginLab Corporation, Northampton, MA, USA). Differences were considered significant with p-values < 0.05 (95% confidence level).
Results and discussion
3.1. Preparation and characterization of the co-amorphous formulations 3.1.1. X-ray diffraction and Fourier-transform infrared measurements GBC alone and GBC-SER in a 1:1 molar ratio are known to transform to an amorphous form upon cryomilling [9] . The X-ray diffractograms of the other cryomilled combinations (GBC-SLSl, GBC-SLSh, GBS-SERSLSl, GBC-SER-SLSh, GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh) and crystalline starting materials are shown in Fig. 2 . As can be . X-ray diffractograms of (a) the crystalline starting materials glibenclamide (GBC), arginine (ARG), serine (SER) and sodium layryl sulfate (SLS). The diffractogram of SER is cut off due to the very high intensity of the diffraction peak at 2theta of 23°and (b) 1. cryomilled GBC-SLSl, 2. GBC-SLSh, 3. GBC-SER-SLSl, 4. GBC-SER-SLSh, 5. GBC-ARG, 6. GBC-ARG-SLSl and 7. GBC-ARG-SLSh. observed from Fig. 2b , all the cryomilled combinations were X-ray amorphous after cryomilling.
The FTIR measurements showed typical changes for GBC after amorphization (Fig. 3a) . These included merging and shifting of the NeH stretching bands associated with the amide moiety and urea group (to 3375 cm −1 in amorphous GBC), shifting of the carbonyl stretch of the benzoyl carbonyl group (to around 1627 cm
) with the appearance of a shoulder at 1656 cm −1 , indicative of the formation of a less stable imidic acid tautomer of GBC [9] . When a co-amorphous mixture was formed with SLS, changes in the spectra were minor when compared to amorphous GBC alone, i.e. only the shoulder at 1656 cm −1 in amorphous GBC was slightly shifted to 1650 cm −1 in the GBC-SLSmixtures. With the formation of GBC-SER (Fig. 3b) , the changes were similar to those previously reported, most importantly, there was the disappearance of the imidic acid shoulder indicating that there had been an inhibition of the conversion of the amide group of GBC to the thermodynamically less stable form [9, 31] . The same phenomenon was observed when SLS was mixed with GBC and SER. The formation of GBC-ARG evoked significant changes compared to the spectra of amorphous GBC and crystalline ARG (Fig. 3c) . In the wavenumber region of approx. 1500-1700 cm −1 , peaks arising from the carbonyl groups of both GBC and ARG and the amino and guanidyl groups of ARG, had merged into a large absorption area from which three small maxima could be distinguished at wavenumbers of 1634 cm
, 1595 cm −1 and 1532 cm −1 . These maxima, however, corresponded rather well to the wavenumbers of the guanidyl group stretching peak of amorphous ARG (Fig. 3c ) at 1632 cm −1 [32] and the peaks of amorphous GBC at 1596 cm −1 and at 1531 cm −1 (urea NH bending [33] ), which indicates that these changes originated mostly from the transformation from the crystalline to the amorphous form.
The most evident change in the spectrum of GBC-ARG when compared to the spectra of amorphous GBC and amorphous ARG was the absence of the peak at 1711 cm −1 (GBC carbonyl stretching at the sulfonylurea end of the molecule [31] . Additionally, the CeN stretching peak of amorphous ARG at 1540 cm −1 seemed to have shifted to a shoulder at 1565 cm −1 . Furthermore, the imidic acid shoulder of the amorphous GBC appeared to have disappeared (as with GBC-SER), but the interpretation was difficult due to the overlapping of peaks. At lower wavenumbers, the COO − stretching band of amorphous ARG shifted from 1405 cm −1 to 1399 cm
, the vibrations of sulphonyl groups of GBC (at 1340 cm −1 and 1157 cm −1 in amorphous GBC)
shifted to 1320 cm −1 (and possibly combined with the aliphatic chain vibration of ARG [34] and 1162 cm −1 in the spectrum of co-amorphous GBC-ARG. Since GBC is a weak acid and ARG is a weak base, and the difference between their pK a values is well above 2 (GBC pK a 5.1 [35] and ARG pKa 12.5 [36] ), the absence of carbonyl stretching might be attributed to salt formation between GBC and ARG [37] . In studies examining different crystalline GBC salts [38] and salts and co-crystals of different antidiabetic sulfonylurea drugs with different coformers [39] , salt formation between the drugs and different coformers caused major shifts to lower wavenumbers in the urea and amide carbonyl stretching bands of the drugs. Additionally, the proton transfer from the acidic NeH group of the drugs could be observed as peak shifts in the NeH stretching area above 3000 cm . This was also seen with GBC-ARG, as the two NeH stretching bands of GBC (Fig. 3a) , which had combined to one peak at 3375 cm −1 in the amorphous GBC, shifted to 3353 cm −1 in the amorphous GBC-ARG (Fig. 3c) . However, this shift may also simply be caused by merging of the NeH peaks of amorphous GBC and amorphous ARG. Additionally, amorphous ARG salts have been prepared with several drug molecules, and similar changes in the IR peaks of ARG between the spectra of amorphous salts and amorphous ARG (i.e. shifts in the CeN stretching, COO − stretching and aliphatic chain vibrations) have been observed previously [32, [40] [41] [42] [43] [44] [45] . Thus, in addition to salt formation, also hydrogen bonding between GBC and ARG [46, 47] as well as an interaction between the guanidinium group of Fig. 3 . Fourier-transform infrared spectra of (a) crystalline and amorphous glibenclamide (GBC), crystalline sodium lauryl sulfate (SLS) and amorphous GBC-SLSl and GBC-SLSh; (b) crystalline serine (SER) and GBC-SER, GBC-SERSLSl and GBC-SER-SLSh mixtures and (c) crystalline and amorphous arginine (ARG, prepared by spray-drying [30] ) and amorphous GBC-ARG, GBC-ARGSLSl and GBC-ARG-SLSh mixtures.
ARG (vibrations at 1674 cm −1 and 1614 cm −1 in crystalline ARG) and the aromatic moiety of GBC [41, 46, 48, 49] should be considered as a possible source for the changes in the IR spectrum of the co-amorphous GBC-ARG mixture. Similarly to GBC-SER systems, addition of SLS did not induce changes in the spectra with respect to GBC-ARG ( Fig. 3b and  c) .
Differential scanning calorimetry measurements
DSC measurements revealed a single T g for the amorphous GBC-ARG and GBC-ARG-SLS combinations ( Table 1 ), indicating that the mixtures were homogenous, single phase systems [9, 50, 51] . Instead, for the GBC-SLS and GBC-SER-SLS combinations, two T g -values were observed. The higher T g -values of GBC-SLS and GBC-SER-SLS corresponded approximately to the previously reported T g -values of GBC and GBC-SER, respectively [9] . The addition of SLS seemed to lower the higher T g -values of the mixtures, while the lower values remained approximately unchanged upon addition of SLS. Furthermore, both GBC-SLS and GBC-SER-SLS formulations showed clear recrystallization (T rc ) events and increasing the SLS content appeared to lower the T rc . After T rc , two melting events were observed. Similarly as with the T g s, the lower T m -values were lowered only slightly, when the amount of SLS was increased, and the higher T m -values were lowered significantly with increasing SLS content. This might then indicate that the highermelting phase (with the higher T g ) was a SLS rich phase. SLS is a known plasticizer [52] ; here it displayed a small plasticizing effect on the higher T g -values of the GBC-SLS and GBC-SER-SLS mixtures. Instead, T rc was not observed for GBC-ARG. The single T g value observed was found to be lower than for pure GBC and higher than that previously estimated for ARG (18.4°C [41] , 34.0°C [32] and 55°C [53] ). When SLS was added to the mixture, the value of T g was lowered somewhat further. In addition, in GBC-ARG-SLS mixtures an endothermic event was observed (no clear preceding recrystallization) which may be melting of SLS and arginine and/or degradation. However, as XRPD indicated, these mixtures were amorphous.
Theoretical T g -values for amorphous mixtures can be estimated by the Gordon-Taylor equation [54] . However, this equation cannot be properly applied in the mixtures investigated, as amorphous SLS and SER, and thus their T g s, could not be obtained and their T g values were not found in the literature. The T g value for a freeze dried solution containing 5% gelatin and 10% SER in water has been found to be −18.75°C, however due to the plasticizing water and the presence of gelation, this value is not a good estimate for pure SER. However, using an average of the literature values for ARG mentioned above, a theoretical estimate for the T g of GBC-ARG-mixture is 52°C, which is approximately 10°C lower than the observed value (Table 1) . This may be an indication of the strong molecular interactions between GBC and ARG, as suggested by FTIR [42, 55] .
Physical stability of the amorphous formulations
The physical stability of the formulations containing ARG and/or SLS was tested in this study under different temperature and humidity conditions. The physical stability of amorphous GBC and GBC-SER has been studied previously [9] . It was found that at 4°C/0% and at 40°C/ 0%, amorphous GBC had started to recrystallize at the five months' time point, whereas GBC-SER remained stable for six months. At conditions of elevated humidity (ambient/60% RH), GBC CM and GBC-SER CM showed signs of recrystallization at 5 months.
When SLS was used as a co-former with GBC (i.e. GBC-SLS mixtures), the mixtures remained amorphous at 4°C/0% and at 40°C/0% for at least 11 months according to the XRPD measurements (Fig. 1,  Supplementary material) . At the ambient/60% RH-condition, the mixtures remained amorphous for six months (data not shown) and recrystallization was observed in XRPD at the 11 months' time point (more pronounced with GBC-SLSl, Fig. 1, Supplementary material) . However, the FTIR measurements did not show any changes indicative of recrystallization at the time points mentioned above (Fig. 2,  Supplementary material) . Thus, SLS was found to be a stabilizing coformer for GBC as compared to amorphous GBC alone. It has been previously observed that SLS is a non-hygroscopic material at RH values less than 75% [56] and it may thus protect the amorphous material from moisture [57] .
When SLS was incorporated into mixtures with GBC and SER, then the product, i.e. GBC-SER-SLSl, remained amorphous at 4°C/0% and at 40°C/0% for at least 11 months (Fig. 2, Supplementary material) . At the ambient/60% RH condition, this mixture was found to have started to recrystallize by two months. Instead, the GBC-SER-SLSh mixture was less stable, i.e. had started to recrystallize at six months at 4°C/0% and at 40°C/0% and at two months at ambient/60% RH. Thus, here SLS did not confer any moisture-protecting effect as the stability of these mixtures was more or less similar to amorphous GBC-SER, except it was poorer under elevated humidity conditions. This may be due to the lack of intimate mixing of SLS with both of the components, which was manifested by the two T g s observed in DSC measurements (Table 1) . No major changes were observed in FTIR at these timepoints, except for GBC-SER-SLSl at two months under the ambient/60% RH condition that showed sharpening of the peak at approx. 1715 cm −1 as compared to the freshly prepared mixture (Fig. 2, Supplementary material) . GBC-ARG was found to be stable for at least 18 months and GBC-ARG-SLS mixtures for at least 11 months under all storage conditions. No recrystallization was observed in the XRPD measurements (Fig. 4a) and the FTIR spectra remained unchanged (Fig. 4b-d) . These [9] . b Loss of water at 101.3 ± 0.3 c A large endotherm was observed at T > 160°C which may be a combination of GBC/ARG melting and thermal degradation. d A rise in the baseline was observed which may be due to recrystallization event leading to melting.
observations can be considered to be directly related to the strength and amount of stabilizing intermolecular interactions between the formulation components [4] . In GBC-ARG-mixtures, the peak shifts in observed FTIR were indicative of strong interactions (Fig. 3 , supported by DSC measurements (Table 1) ), while the other, less stable formulations showed only minor changes in FTIR, indicative of absence of strong interactions, when compared to amorphous GBC alone.
Dissolution and permeation properties
The equilibrium solubility of GBC at pH 7.2 has been previously found to be 9.6 ± 0.4 µg/ml, i.e. 28.8 µg dissolved in the donor chamber at equilibrium [8] . This can be considered as the equilibrium solubility value also in the presence of the different formulation components, as SER has been previously found not to solubilize GBC when physically mixed with the drug [8] . It has been reported that ARG can solubilize GBC at a 1:0.5 M ratio [25] . However, in the current study, the maximum concentrations of ARG in the donor cell were always less than 0.1% (m/V), and we have found that at concentrations less than 1% (m/V), ARG was not able to increase the equilibrium solubility of GBC (results not shown). In addition, the SLS concentration in the donor cell was always less than 0.05% (m/V) which is not likely to be able to increase the equilibrium solubility of GBC. Fig. 5 shows the total cumulative amounts (µg) of GBC dissolved from crystalline and amorphous GBC, the different physical mixtures and their corresponding co-amorphous mixtures. From Fig. 5a , it can be observed that all of the PMs, with the exception of GBC-SER, exceeded the equilibrium solubility value of GBC during the test. This is due to the dynamic nature of the experimental setup, i.e. part of the dissolved drug is constantly removed from the donor cell and transferred through the PAMPA membrane into the acceptor cell. Instead, when examining the concentrations present in the donor cell in the case of PMs (Fig. 3a in the Supplementary material), it can be seen that the concentrations remained below the equilibrium solubility value of GBC. Only the GBC-ARG-SLS formulations reached the equilibrium solubility of GBC, which indicates that the formulation components had not solubilized GBC when physically mixed with the drug. The two GBC-ARG-SLS formulations exhibited the highest total amounts of dissolved GBC (Fig. 5a) . The other PMs showed dissolution properties similar or even worse than crystalline GBC, which is in accordance with previous observations with amino acids [8] . The drug solubilizing capacity of surfactants, such as SLS, is well-known [29] , however in the case of GBC, SLS was not able to markedly increase the amount of the dissolved drug, probably due to the small SLS concentration. Only in combination with ARG, was the dissolution enhanced, i.e. the amounts of dissolved GBC were approximately double that was observed with GBC alone.
In the case of amorphous formulations, the amorphous GBC-ARG and GBC-ARG-SLS formulations showed significantly, i.e. over 10-fold higher, amounts of dissolved GBC than the other formulations (Fig. 5b) . In addition, a clear supersaturation behavior was observed, i.e. approx. 34-, 37-and 29-fold for GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh, respectively (Fig. 3b in the Supplementary material) . The dissolution and supersaturation properties were found to be even poorer than with amorphous GBC in all of the formulations containing SER and with GBC-SLSh. Previously, co-amorphous GBC-SER has been found to produce a similar supersaturation but to dissolve slightly faster than Fig. 4 . (a) X-ray diffractograms of: GBC-ARG stored at 1. 4°C/0%, 2. 40°C/0% and 3. ambient/60% RH for 18 months, GBC-ARG-SLSl stored at 4. 4°C/0%, 5. 40°C/ 0% and 6. ambient/60% RH for 11 months and GBC-ARG-SLSh stored at 7. 4°C/0%, 8. 40°C/0% and 9. ambient/60% RH for 11 months and FTIR-spectra after storage under different conditions for 11 months for (b) GBC-ARG; (c) GBC-ARG-SLSl and (d) GBC-ARG-SLSh. amorphous GBC [8] . As shown in Fig. 5b , GBC-SLSl was able to produce similar total amounts of dissolved GBC as the amorphous GBC alone. The significant increase of dissolved GBC by ARG when compared to the other formulations may be due to the stronger interactions between GBC-ARG formed upon cryomilling, as observed by the FTIR measurements (Fig. 3) , as compared to interactions in the rest of the formulations (Fig. 3, [9] ). The formation of an amorphous ARG salt is known to enhance the dissolution of drugs [32, 34] and furthermore, interactions of the guanidinium group of ARG with aromatic rings have been observed to increase the solubility of aromatic molecules and this has been referred to as the "arginine-assisted solubilization system" [48] . However, when the higher amount of SLS was added to the mixture, the amounts of dissolved GBC remained slightly lower. Similarly to GBC, SLS also contains a sulphonyl group (Fig. 1) and thus it may interfere with the sulfonyl-mediated interactions of GBC with ARG [58] [59] [60] , leading to lower amounts of dissolved GBC. Fig. 6 shows the total amounts of GBC permeated (µg) through the PAMPA membrane in the simultaneous dissolution/permeation test. In the case of crystalline GBC and PMs, no clear differences were observed in the permeability between the formulations (Fig. 6a) . Both GBC-ARG-SLS formulations and GBC-SER-SLSh showed the highest amounts of permeated GBC which were approx. half of the amounts of GBC dissolved from the formulations (Fig. 5a ). In the case of amorphous formulations (Fig. 6b) , it was observed that the same formulations that showed superior dissolution and supersaturation properties, i.e. GBC-ARG and both GBC-ARG-SLS formulations, displayed the highest amounts of permeated GBC. The permeated amounts of GBC were virtually identical in the three formulations until 150 min, i.e. over three times higher than with GBC alone. After 150 min, the amount of permeated GBC remained lower with GBC-ARG-SLSl, while the other two formulations showed permeated GBC amounts which were approx. five times higher than obtained with amorphous GBC alone. This observation is in accordance with the fact that a high drug concentration gradient can sustain high flux values through membranes, provided that the drug is in the free form instead of being solubilized, e.g. not incorporated in surfactant micelles [13, 15, 27, 61] . Thus, the co-formers' (ARG and SLS) ability to stabilize supersaturation represents a high driving force for permeation of GBC. Furthermore, SLS may be able to extract lipids from membranes which can make the PAMPA barrier more permeable [62] and would most likely increase the in vivo intestinal permeability of drugs by weakening the integrity of the membrane [28, 29] . However, SLS did not clearly show this effect in this study. In addition, ARG has been found to be able to act as a permeation enhancer for insulin across a Caco2 cell membrane [63] . This effect has been considered to be attributable to the ability of arginine to bind to cell membrane phospholipids via stacking interactions between guanidium moieties [64] . Thus, it may be possible that ARG also makes the PAMPA membrane more permeable through similar interactions with Fig. 5 . Total cumulative amounts of glibenclamide (GBC, µg) dissolved in the donor cell in a dynamic dissolution/permeation test at pH 7.2 from (a) crystalline formulations (mean ± sd, n = 3); and (b) amorphous formulations (mean ± sd, n = 6). Note the axis break on the y-axis. Fig. 6 . Total cumulative amounts of glibenclamide (GBC, µg) permeated to the acceptor cell in a dynamic dissolution/permeation test at pH 7.2 in the case of (a) crystalline formulations (mean ± sd, n = 3); and (b) amorphous formulations (mean ± sd, n = 6).
lecithin.
Area under curve (AUC) values were calculated for the total amounts of dissolved and permeated GBC ( Table 2 ). The table reveals that the physical mixtures of GBC-SLSl, GBC-SER-SLSl, GBC-ARG-SLSl and GBC-ARG-SLSh had slightly higher (statistically significant) AUC values for dissolution than the crystalline GBC. However, of these, only GBC-ARG-SLSh had also a higher AUC value for permeation when compared to the crystalline drug. Thus, it can be concluded that when the excipients are simply physically mixed with a crystalline drug, this will not simultaneously increase the dissolution and permeation of GBC, with the exception of the combination of ARG and SLS.
Instead, when co-amorphous mixtures were formed, AUC values for dissolution were statistically significantly higher than their crystalline counterparts in the case of all formulations and for the co-amorphous GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh mixtures, the increase was 74, 75 and 56-fold, respectively. When compared to amorphous GBC alone, all ARG containing co-amorphous GBC-mixtures displayed approx. 10-fold and statistically significantly higher AUC values for dissolution whereas the dissolution AUC values of SER containing mixtures and GBC-SLSh was 2-fold lower than for amorphous GBC alone. Similarly to dissolution, the AUC values for permeation of all of the amorphous formulations were statistically significantly higher than for the crystalline counterparts. Furthermore, GBC-SLSl, GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh showed statistically significantly higher AUC-values than amorphous GBC alone, i.e. 2.3-, 7.2-, 5.7-and 7.0-fold, respectively. This was particularly interesting for GBC-SLSl, as its AUC value for dissolution was similar to that of amorphous GBC alone. Fig. 7 depicts the AUC-values for permeation as a function of the AUC-values for dissolution; this summarizes well the dissolution and permeability properties of the studied formulations. In the graph, most of the PMs cluster together with the crystalline drug. Only the PMs with ARG and SLS in combination are able to increase both dissolution and permeation when physically mixed with GBC. Instead, the formation of co-amorphous mixtures significantly changes the situation. While the amorphous state provides a clear dissolution advantage, the improvement in permeation is modest with the majority of the amorphous formulations. The co-amorphous GBC-SER-SLSl seems to display relatively large AUC values for permeation, with a relatively modest improvement in dissolution, when compared to the other amorphous formulations. However, the co-amorphous mixtures of GBC, ARG and SLS clearly have the highest values of permeability and dissolution and are thus located in the upper right corner of the graph. In general, permeability may be decreased and solubility increased by excipients, but the two effects are most often not equal in magnitude [13] . Avdeef Table 2 Area under curve (AUC, µg*h) values for dissolved and permeated GBC during the 6 h dynamic dissolution/permeation test. et al. [65] ) studied the absorption potential of different sparingly soluble drugs (including GBC) with the PAMPA membrane and it was observed that the presence of an excipient predominantly lowered permeability, but most often not by the same amount as solubility had been elevated, leading to an increased absorption potential. However, in the case of GBC, the excipients did not considerably increase absorption potential. Previously, it has been found that GBC has a tendency to form monoanionic dimers in solution [66] which may not be able to permeate as efficiently through membranes as the drug monomers, due to their larger size. This tendency was found to be even increased by excipients, especially by the surfactant sodium taurocholate. This may explain why the excipients in our study were not found to increase the permeability of GBC to any significant extent. ARG was the only excipient that may have been able to break down the GBC dimers by forming interactions with the drug and thus leading to the improved permeability of GBC. Thus, this study showed that detailed investigation of the supersaturation and its effects on drug permeability is needed for co-amorphous formulations, since the components of a coamorphous mixture may also have unpredictable and unwanted effects on dissolution and absorption potential in vivo and thus potential for enhancing drug bioavailability [67] .
Conclusions
In this study, co-amorphous combinations of GBC-SER, SGB-SER-SLS, GBC-ARG and GBC-ARG-SLS were prepared by cryomilling. A solid-state characterization of the formulations revealed that GBC-ARG and GBC-ARG-SLS combinations were homogenous, single-phase systems, showing single T g values and evidence of strong intermolecular interactions between GBC and ARG. These interactions were probably also the reason for the observed good physical stability of the formulations, i.e. GBC-ARG was found to be stable for at least 18 months and GBC-ARG-SLS mixtures for at least 11 months under all storage conditions. Instead, GBC-SLS and GBC-SER-SLS combinations exhibited two T g -values, only minor changes in the FTIR spectra upon amorphization and thus poorer physical stability.
By carrying out the dissolution/permeation testing simultaneously in side-by-side diffusion cells, separated by a PAMPA membrane, we aimed to investigate the interplay between the GBC dissolution rate, GBC supersaturation and different co-formers on membrane permeability of the drug. The simultaneous test showed that the co-amorphous GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh had superior dissolution and supersaturation properties, reflected as 11, 11 and 8.5 times higher AUC values when compared to amorphous drug alone, while the other amorphous formulations showed AUC values that were even smaller than amorphous GBC. Similarly, permeation was superior with GBC-ARG, GBC-ARG-SLSl and GBC-ARG-SLSh, i.e. AUC was improved by factors of 7.2, 5.7 and 7.0, respectively, when compared to amorphous GBC alone. In addition, when simply physically mixed with a crystalline drug, the combination of ARG and SLS was found to increase simultaneously the dissolution and permeation of GBC. Thus, based on the PAMPA model, it can be concluded that ARG and SLS may act as dissolution and passive permeation enhancers for GBC. Furthermore, GBC may have a significantly improved absorption potential when formulated as co-amorphous combination with ARG and/ or SLS.
It can also be concluded that simultaneous testing of dissolution and permeation through a PAMPA membrane may serve as a simple and inexpensive tool for screening the most promising formulations in future studies. In the method used here, the material consumption was low. However, it should also be noted that formation of a supersaturated state in the donor side demanded a high dose/volume ratio, which was approximately 120-240 times higher than the ratio in clinical use of GBC.
